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Foreword

The study reported herein was conducted in furtherance of DA

Project IT062103A046, "Trafficability and Mobility Research," Task 03,ii

"Mobility Fundamentals and Model Studies," under the sponsorship and

guidance of the Research, Development and Engineering Directorate, U. S.

Army Materiel Command.

The tests were conducted in 1970 by personnel of the Mobility

Research Branch, Mobility and Environmental Division, U. S. Army Engineer
g, Waterways Experiment Station (WES), under the general supervision of

Messrs. W. G. Shockley and S. J. Knight and Dr. K.-J. Melzer and the

direct supervision of Mr. T. R. Patin, who also prepared this report.

COL Levi A. Brown and COL Ernest D. Peixotto were Directors of the

"WES during this study and preparation of this report. Mr. F. R. Brown

was Technical Director.
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Conversion Factors,_ Metric to British Units of Measurement

Metric units off measurement used in this report can be converted to

British units as follows:

Multiply BYTo Obtain

centimeters 0.3937 inches

square centime~ters 0.1550 square inches

kilonewtons per square meter 0.1450 pounmds per square inch

i xi
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Laboratory tests were conducted to determine which method of'
obtaining five different soil-to-rubber shear measurements with tvo

4rotary-shear devices, a Cohron shearg--aph and a spline shear device,
would produce the most consistent measurements o'r quantitative indexes
of surface soil', strength. The tests were made at 34!.5-, 68.9-, and
lO3A-.kIN/m 2 norma' pressures on a fat clay whose surface moisture
,content ranged from 26.5 to 4~5.9 percent.

It 'was found that peak, snear me-asurements for the full range of'
soil strengths used could be obtained only at the normal *pressure of'
3AL5 kN/m 2 because of excessive sinkage of the shearl head at the higher
n ornal pressures in the softer soils. The peak shear measurements with
the Cohron sheargraph, with &n in-air-calibration", at a normal pressure

* -of' 34.5 kIN/m 2 were t~re most consistent and are recoimmended for further
study to determine their validity in surface conditibMi-vehicle performance
research.
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EVALUATION OF SURFACE SHEAR STRENGTH MEASUREMENTS

FOR USE IN LABORATORY MOBILITY STUDIES

Background

1. Surface soil conditions have long been known to influence the

mobility of ground vehicles, and tests have been conducted at the U. S.

Army Engineer Waterways Experiment Station (WES) to study the effects of

C<; wet surface conditions on the performance of standard-size pneumatic
tires.2 Although these studies did provide some answers to the prob--

lem, they did not result in a satisfactory method for predicting the

effects of surface condition on the performance of tires, i.e. surface

coitdition was not described in commensurate terms. Two devices were

used, a Cohron sheargraph and a cone penetrometer. The sheargraph, a

rotary shear-type device, yielded measurements that were somewhat more

indicative of the tire performance than those obtained with the cone •
penetrometer, a probe-type device. However, the relation between shear-
graph readings and the tire performance was not as clear-cut as was

desired. One reason for the vagueness of the relation appeared to be

the erraticism or inconsistency of the sheargraph itself, caused at

least partially by human errot' that could not be avoided in the hand-

operated technique used.

2. Additional studies to develop satisfactory surface condition-

tire performance relations are planned for the future. Meanwhile, it

was felt advantageous to devote a small effort to the development or

selection of a consistent test with a rotary-shear device. A consistent

test is not necessarily a valid test, but no test can be valid unless it

is first consistent. This limited study was therefore undertaken to

determine which of several readily availele device-technique combina-

tions appeared to be the most consistent. The most consistent combina-

tion, along with any other device-test technique combination that may

subsequently be found to be equally attractive, would be used in future

15



studies to develop means of predicting the effects of surface condition

3. The purpose of this study was to determine the most consister.,
of five. different methods (specific instrument-test '.echniques) for ob-

under controlled laboratory conditions.

4. This study was limited to two devices, five methods of opera-
tion (three for one device, two for the other), three normal loads, and

one soil prepared to various strengths.

5. The Cohron sheargraph3 and a spline shear device were used in

carefully controlled laboratory tests to measure the soil-to-rubber

shear under normal pressures of 34.5, 68.9, and 103.4 .* These

values (equivalent to 5, 10, and 15 psi, respectively) were selected t
simply because they are, the normal pressures commonly used in determin-

ing cohesion and angle of internal friction of soil with thb Cohron

sheargraph. All measurements were taken with the 12.9-sq-cm rutbber

shear head that is supplied with the sheargraph. Tests were conducted A

in molds specially built for the study and in soil bin facilities nor-

mally used for tire testing.** The soil was a fat clay with bulk

moisture contents ranging from 28 to 43 percent, and surface moisture

contents from 26.5 to 45.9 percent. The surface moisture contents were

measured immediately after the shear measurements at a deptb of 0.5 cm.t

• A table of factors for converting metric to British units of mea-

surement is given on page ix.
** Descriptions of the techniques used for building che molds and the

soil bins are given'in references 4 and 5.
t This was necessary because the surface moisture content changed with

time and was slightly different from the bulk moisture content of a
whole mold.

2



Soil penetration resistance values ranged from approximately 100 to
2

700 kIN/m.

Test Soil

6.The soil used in the study was a fat clay classified OH ac-

cording to the Unified So i Oassification System. Its liquid limit

(LL) and plasticity index (PI) were 65 and 41, respectively. The con-

sistencies tested ranged from very soft to stiff (fig. 1). All test

specimen were built to at-least 90 percent saturation.
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carefully controlled measurements in this program, the sheargraph vaS

mounted in a machine so that nressure and torque could be applied

mechanically. The mechanical operation and the addition of a torque

cell between the shear head and the spring ýfig. 2) were the only

modifications made to the field instrun&nt. It was felt that the torque

cell, connected to an x-y recorder, would yield more accurate values of

surface shear than those recorded on the barrel chart.
8. To obtain she~r measurements, the vertical load was applied

by screwing down the loading platform until the desired normal pressure

was reached. This normal pressure is indicated on the barrel chart

(fig. 2). Torque was then applied until a peak maximum shear value vwas

reached (also indicated on the chart).

9. Of the five different measurements of shear at a given normal

pressure that were studied, three were obtained with the Cobron shear-

graph by the following methods:

a. Method A. The standard value of shear strength (SA) was !

obtained from the barrel chart..

b. Method B. A peak value of shear strength (SB) was obtained

from the x-y recorder plot; shear was measured from a datum

established while the shear head was still in air (in-air

zero).

c. Method C. Method C was the same as Method B, except the

shear datum was set at zero after the head was on the soil

surface and loaded, but before torque was applied (loaded

zero, So )

Representative results are shown in fig. 3.

Spline shear device

10. The spline shear device (fig. 4) was built at the WES in 1966

and was used at that time for surface traction studies. it consists of

a 12.9-sq-cm rubber shear head (from a Cohron sheargraph) mounted on a

ball bushing with free vertical movement. Normal pressure is applied

by deadweight loading on the bail bushing, instead of spring loading as

with the Cohron sheargraph. Torque is applied to the spline shaft and,

in turn, to the shear head; it is recorded, along with the angle of

4
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rotation, on an x-y recorder plot. This device does not have a barrel

chart.

11 The spline shear device is first lowered far enough so that

the shear head touches the soil and the shaft extends slightly into the

ball bushing. Normal pressure is then. applied by placing horseshoe

deadweights on the ball bushing (fig. 4). In this study, the weights

were gaged to produce normal pressures of 34.5, 68.9, or 103.4 kN/m 2 .

Finally, torque was applied as described in paragraph 8.

12. The remaiLing two of the five measurements studied were

obtained with the spline shear instrunent and are identified as having

been taken by Methods D (SD) and E (SE) ,which are the same as Methods B

and C (paragraph 9), except for the instrument being used. Representa-

tive results are shown in fig. 3.

Analysis of Data

13. The data obtained in this study are presented in tables 1 and

2 for tests conducted in the molds and in the soil bins, respectively.

The shear values in the two tables are peak values only.

14. Shear strength of a cohesive soil generally shows a strong
6

dependency on moisture content; shear strength decreases with increasing

moisture content. Because of this dependency, moisture content was used

as a basis for comparing the shear data obtained from the different

methods. Surface moisture content, which normally was slightly different

from the bulk moisture content (see footnote on page 2), was chosen to

represent the moisture content that influenced the shear strength because

shearing took place directly on the surface, or approximately in the top

1-cm layer of the soil.

15. Semilog plots of log moisture content versus shear strength

were developed because they produced linear relations and simplified the

analysis. The standard deviations for shear strength from the regres-

sion lines (plate 1) were then calculated and used for comparing the

measuring methods.

8..•. •-
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!I Selection of Normal Stress

16. Values of rubber-to-soil peak shear and surface moisture

content for a normal pressure of 34.5 kNlm2 are presented: in plate 1.

SValues for normal pressures of 68.9 and 103.4 kNmare nported (tables-....

1 and 2), but relations were not established. Peak shear values could :

not be obtained for the softer soil conditions (cone penetration resist-.
S~ance values lower than approxiffately 138 and 207 kN/m2, respectively) ;

because of excessive sinkage of' -the shear head and loss of normal pres-

sure during testing. .

Selection of Method for Measuring Shear •

17. The final sele.ction of the testing method that should be usedA

was based on general engineering judgment. The tabulation below shows

that all five methods of measurement yielded reasonably good estimates

of soil-to-rubber shear, but those obtained with the Cohron sheargraph

(Methods A, B, and C) had smaller deviations of peak shear strength

S(paragraph 15) than those obtained with the spline shear instrument

(Methods D and E). Therefore, Methods D and E are not recommended for

•. ~us e.

Normal Pressui%ý Standard Deviation
kN/m Method of Shear, kN/m

34.5 A 2.19

B 1.91
c 2.41

D 3.32
E 2.78

18. Although the standard deviations for Methods A, B, and C were

similar, Method A is not recommended for laboratory measurements because

setting the axis of the barrel chart precisely and correctly so that, in

loading, the marker does not deviate from the loading axis ir s time-

consuming and inconvenient. Al2io, the barrel chart is held simply by

nsc



rubber bands, which, in time, could cause problems in obtaining precise

measurements of shear. However, the barrel chart must be used to deter-

mine normal pressure unless some other means such as a load cell is

available.

19. Of the two remaining methods, values obtained can be recorded

more simply and conveniently by Method B than by Method C because cali-

bration of the instrument before loading, as done in Method B, is

easier. Therefore, Method B, i.e. using the Cohron sheargraph with an

in-air calibration, was selected as the method to be used in laboratory

testing.

Conclusions

20. For controlled laboratory testing, it was concluded that:

a. The peak soil-to-rubber shear measurements should be

taken at a normal pressure of 34.5 kN/m to quanti ?y the

surface conditions of fat clay because, at greater pres-

sures, excessive sinkage of the shear head occurs in soft

soil in which shear measurements are of interest (para-

graph 16).

b. Method B for obtaining peak shear measurements (the

Cohron sheargraph calibrated in air) at 34.5-kN/m2 normal
pressure should be used in laboratory testing in satu-

rated fat clay (paragraphs 17-19).
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Table 2
Swmary of Soil-to-Rubber Shear Data: Soil Car and Soil Pit Tests

Cone Penetration0- to Method A Method B Method C Method D Method E Realstance
2.54-cm Surface Surface Surrace Surface Surface kN/m2

Moisture Shear Moisture Shear Moisture Shear Moisture Shear Moisture Shear Moisture O- to
Car Content (SAL Content (Sj Content Content (S Content (, 3 Content 15.2-cm
No. ___ Burfjcee % k/- fle f Average

Normal Pressure - 34.5 kN/n 2

1 44.3 5.5 44.3 8.4 44.3 7.7 44.3 8.1 44.6 8.1 44.6 106.9 117.2
4.8 44.0 8.3 44.o 7.4 44.0 8.1 44.5 8.4 44.5 1
9.% 43.2 12.1 143.2 11.0 43.2 10.5 43.5 11.0 43.5

-40.9 9.0 41.6 -- -- 10.2 41.6 -- -- 12.5 41.6 197.2 ;224.1
10.3 42.8 .. .. 12.1 .2.8 .. .. 11.5 42.8
8.3 43.2 .. .. 10.1 43.2 -- 11.4 43.27.9 41.7 11.0 161.7 9.9 41.7 14.0O 41.5 14.5 41.5

10.3 41.2 12.9 41.2 11.2 )41.2 14.5 42.0 15.1 42.0
9.7 41.1 12.1 '41.1 11.1 41.1 17.7 41.4 18.2 41.4

3 35.8 15.9 35.7 -- -- 18.0 35.7 -- -- 23.7 34.9 349.6 !390.2
14.5 34.9 .. .. 17.3 34.9 .. .. 2.3 35.7S14.5 35.2 .. .. 13.4 35.2 .. .. 19.9 34.8
10.3 33.9 12.6 33.9 11.5 33.9 21.4 33.8 21.6 33.8
14.5 33.4 15.9 33.4 14.5 33.4 19.4 34.3 19.9 34.3
14.5 34.6 18.1 34.6 17.0 34.6 21.4 34.3 22.3 34.3

Pit 35.7 11.4 36.0 17.0 36.0 15.7 36.0 20.3 35.6 21.3 35.6 473.7' 632.9
10.0 36.9 14.5 36.9 13.2 36.9 14.6. 36.7 16.2 36.7

8.3 36.8 14.9 36.8 13.3 "6.8 14.5 37.8 14.9 37.8

Normal Pressure - 68.9 WN/e2

144.3 wv'* 44.3 HPV 44.3 NPV 44.3 NPV 45.0 NPV 45.0 106.9 117.2
NVV 43.5 NP 43.5 NPV 43.5 NPV 44.2 MINV 44.-

NPV +3.4 NPV 43.4 NPV 43.4 NPV 42.9 2'PV 4P.9

40.9 10.3 41.8 . .-- 11.2 41.8 -- -- 15.4 41.L- 197.2 224.1
10.3 42.3 11.4 42. 3 14.8 42.3
12.4 43.5 .. .. 13.0 43.5 -- 13.1 43.5
10.0 4o.9 14.3 o40.9 11.9 40.9 15.9 41.5 16.4 41.5 .
11.7 4'U.3 16.8 14.3 14.o 4o.3 22.4 39.0 23.1 39.0
12.1 41.9 15.2 41.9 12.5 41.9 17.2 si.6 17.O 41.6

3 35.8 19.3 35.7 -- -- 21.4 35.7 .-. . 31.2 35.0 349.6 390.2
S 13.6 35.1 .. .. 21.1 35.1 .. .. 27.2 ?'.6
17.2 35.3 .. .. 18.3 35.3 .. .. 27.5 .7
17.9 33.9 21.2 33.9 18.3 33.9 26.2 34.4 26.5 .4
19.3 34.3 21.5 34.3 11.5 34.3 28.3 34.5 29.2 .5
16.3 34.7 2(1.5 34.7 16.6 34.7 28.9 34.6 29.7 .6

Pit 35.7 17.6 36.3 25.6 36.3 22.1 36.3 26.8 35.4 27.2 3 .4 473.7 632.9
16.2 36.7 22.4 36.7 19.2 36.7 25.9 36.3 26.3 .3
9.0 38..3 17.0 38.3 13.8 38.3 13.8 38.5 14.5 .5 !

Normal Pressure = 103.4 kN/,2 -"

2 40.9 NPV 41.3 .. .. rwv 43.8 .. .. •Pv _43.8 197.ý 221*.1
I 42.6 - - I 42.6 k- - I .26I 42.7 4- -+2.7 .. .. 42.7 !

41.6 NPV 41.6 41.6 NPV 1.1.7 41.7
141.3 NI1t 41.3 41.3 NPV 41.1 41.1
41.5 NWV 41.5 41.5 N 41.0 41.o

3 35.8 20.7 35.6 .. .. 21.8 35.8 .. .. 32.1 35.0 349.6 390..;
20.0 35.5 . . 21.6 35.5 .. .. 27.9 35.3
19.3 35.0 .. .. 20.8 35.0 .. .. 33.5 35.3 I
20.0 34.2 22.3 34.2 17.3 34.2 28.8 34.2 28.3 34.2

4,.h 314.0 23.7 34.0 18.8. 34.o 30.5 35.0 31.3 35.0
P0.7 31.5 22.3 34.5 17.1 34.5 29.6 35.1 30.0 35.1

Pit 35.7 16.2 36.2 25.4 36.2 19.5 36.2 30.3 35.9 32.8 35.9 473.7 632.9
13.8 36., 23.5 36. 4 17.8 36.4 27.4 37.2 28.0 37.;
10.3 36.4 21.o 36.4 15.4 36.4 25.2 36.3 26.1 36.3

NPV - no peak value of shear.
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